Anti-nuclear antibodies to speckled 100 kDa (sp100) and glycoprotein 210 (gp210) are specific serologic markers of primary biliary cholangitis (PBC) of uncertain/controversial clinical or prognostic significance. To study the genetic determinants associated with sp100 and gp210 autoantibody subphenotypes, we performed a genome-wide association analysis of 930 PBC cases based on their autoantibody status, followed by a replication study in 1,252 PBC cases. We confirmed single-nucleotide polymorphisms rs492899 (P = 3.27 × 10 
pruritus, fatigue, and portal hypertension.
(1) Antimitochondrial antibodies (AMA) are the serological hallmark for PBC and are found in nearly 95% of patients. (2) Several large-scale genome-wide association (GWA) studies in European, Japanese, and Han Chinese PBC cohorts have pointed to a strong genetic predisposition to PBC. (3) (4) (5) (6) (7) Specific human leukocyte antigen (HLA) alleles and common polymorphisms in interleukin 12 (IL12), IL12 receptor (IL12R), tumor necrosis factor superfamily member 15 (TNFSF15), IL21, IL21R, and other immune-associated genes have been implicated in PBC pathogenesis. (3, 5, 6) Although these studies provided many insights in our understanding of PBC pathogenesis, no further studies have examined the genetics of subphenotypes in PBC.
Other than AMA, autoantibodies to glycoprotein 210 (gp210) and speckled 100 kDa (sp100), the two subtypes of anti-nuclear antibodies (ANA), are also highly specific to PBC and can be detected in 10%-40% of PBC patients. (8) (9) (10) Anti-gp210 and sp100-positive serum samples present typical rim and multinuclear dot staining patterns, respectively. Anti-gp210 antibody recognizes a single epitope containing 25 amino acids (AAs) in the C-terminal tail of nuclear pore gp210 protein. (11) Several studies have indicated that autoantibody to gp210 can serve as an indicator of poor prognosis. Muratori et al. found that anti-gp210 positivity was associated with higher serum cholestatic parameters including ALP, GGT, and bilirubin. (8) Unfavorable clinical outcome, more rapid disease progression, and significantly higher hepatic failure were found in anti-gp210-positive patients. (11) (12) (13) Recently, Yang et al. found that anti-gp210 positivity is associated with more severe forms of PBC in Chinese patients with prognostic value. (14, 15) Sp100 is a component of promyelocytic leukemia protein (PML) and sp100-containing nuclear bodies. Anti-sp100 antibodies in PBC patients recognize multiple epitopes in sp100. (16) Studies on the clinical significance of anti-sp100 antibody have thus far generated mixed results. (17) (18) (19) (20) A few early studies indicated that the anti-sp100-positive patient group tended to have earlier disease onset and more frequently had cirrhosis compared to anti-sp100-negative patients. Studies by Nakamura et al. (12) and Yang et al. (14) found no correlation of anti-sp100 positivity with disease prognosis, but neither study investigated the subtypes of autoantibodies. Two semiquantitative analyses of anti-sp100 antibody titers during the course of the treatment found a correlation of anti-sp100 titers with Mayo risk score, an indicator of disease severity. (17, 19) Because sp100 autoantibodies recognized multiple epitopes on sp100, an earlier study found a change of some anti-sp100 epitopes during the course of disease progression and ursodesoxycholic acid (UDCA) treatment in some PBC patients, but the overall anti-sp100 status remained unchanged. (21) Unfortunately, no subsequent follow-up or replication studies were reported by other researchers. Therefore, it remains undetermined whether any anti-sp100 immunoglobulin subtypes or titers can serve as indicators of disease progression.
We recently performed a large-scale GWA analysis in a Han Chinese PBC cohort and identified multiple common variants in major histocompatibility complex (MHC) region, TNFSF15, IL21, IL21R, chemokine (C-X-C motif ) receptor 5, cluster of differentiation 58, signal transducer and activator of transcription 4, and other immune-related genes associated with PBC. (6) To further define the role of genetic factors associated with different PBC subphenotypes (antigp210/anti-sp100) at the whole-genome level, we undertook serological analysis of anti-gp210/anti-sp100 status in our PBC cases. Combining the serological results and genome-wide single-nucleotide polymorphism (SNP) data, we systematically performed the association analysis to pinpoint the genetic variants associated with gp210 and sp100 autoantibody subphenotypes in PBC. The results presented in this report indicate a strong genetic predisposition to the sp100 autoantibody subphenotype in PBC patients.
Patients and Methods

patIeNt INFoRMatIoN aND geNoMe-WIDe geNotypINg
The PBC patients recruited in this study have been reported previously. (6) The PBC patients were recruited with the approval of the research ethics boards of Southeast University and Jiaotong University and in accordance with the guidelines of the Declaration of Helsinki (2008). Informed consent was obtained from all subjects recruited. In brief, all patients self-reported Han Chinese origin and were diagnosed based on the criteria recommended by the American Association for the Study of Liver Diseases. (22) SNP genotyping was performed using Han Chinese population-specific HumanOmniZhongHua-8 BeadChip (Illumina, San Diego, CA). The quality control of genotyping results was detailed in our GWA report. (6) We removed SNPs with a call rate of <90%, a minor allele frequency (MAF) < 1%, and a Hardy-Weinberg equilibrium P value < 1 × 10 −4 . Potential genetic relatedness based on pairwise identity by descent for all of the successfully genotyped individuals was examined using PLINK 1.07 software. (23) If first-degree or second-degree relative pairs were identified (PI-HAT value > 0.25), we removed the samples with the lower genotyping call rates of the related individuals. SNPs located on the X, Y, or mitochondrial chromosomes and all copy number variation probes were excluded.
eNZyMe-lINKeD IMMUNoSoRBeNt aSSay FoR aNtI-sp100 aND aNtI-gp210 aNtIBoDIeS
Serum samples were stored at −80°C in aliquot before use. Enzyme-linked immunosorbent assay (ELISA) plates (96-well, 100 ng/well) were coated overnight at 4°C with purified sp100 antigen (AA position 296-386) or gp210 antigen (AA position 1863-1887). The plate was further incubated with 1% bovine serum albumin (BSA) for 2 hours at room temperature and washed 3 times with phosphate-buffered saline (PBS). Serum samples were diluted (1:200) with PBS buffer containing 1% BSA. After incubation for 1 hour at 37°C, the plate was washed 4 times with PBS and incubated with 1:40,000 diluted peroxidase-conjugated antihuman immunoglobulin G antibody (Genscript, China) at room temperature for 1 hour. Next, after washing 4 times with PBS, the plate was incubated with 100 μL of chromogenic substrate (3,3,5,5-tetramethylbenzidine) for 20 minutes, with addition of 2 M sulfuric acid (50 μL/well) as the stop solution. Optical density (OD) was read by an ELISA plate reader with absorbance at 450 nm. The results with an OD ratio higher than 3 times over negative controls were defined as antibody-positive. Samples with an OD ratio between 2 and 3 times were retested and excluded if ambiguous on multiple testing with different serum dilutions.
SNp geNotypINg
SNP genotyping in the replication study was performed by TaqMan assay for rs492899 and rs9380343 and by Sanger DNA sequencing for rs1794280. The primer and probe sequences are listed in Supporting  Table S1 . The TaqMan assay was performed using a Bio-Rad CFX Manager Real-Time PCR system in 10 μL of reaction mixtures containing 1 × PCR buffer, 2 mM deoxyribonucleotide triphosphate mix, 2 μM of each primer, 3 μM of labeled probe, 0.25 U Taq HS polymerase (Takara, Dalian), 5 ng of genomic DNA, and 6.15 μL deionized water. PCR conditions were as follows: 95°C for 10 minutes, followed by 40 cycles of 95°C for 30 seconds and 60ºC or 62°C for 30 seconds.
IMpUtatIoN oF Hla alleleS, aas, aND SNps IN MHC RegIoN aND aSSoCIatIoN aNalySIS
The genotyped 7,889 SNPs in the MHC region (chromosome 6 region at 29-34 Mb, University of California Santa Cruz hg19 assembly) included on the HumanOmniZhongHua-8 BeadChip were extracted for analysis. Imputation was performed using a Han MHC reference panel built by deep sequencing that contains 29,948 variants for 10,689 healthy Han Chinese subjects. (24) SNP2HLA and Beagle software was used to impute SNPs, two-digit and four-digit HLA alleles, and HLA AAs. (25, 26) We applied postimputation quality control criteria of MAF > 0.01, imputation quality (r 2 > 0.3). Finally, we excluded subjects and SNPs with < 90% genotyping completion and/or Hardy-Weinberg equilibrium P < 1 × 10 −4 or MAF < 0.01. A total of 23,137 variants were imputed. Among them, there were 22,317 SNP or insertion/ deletions (including 7,889 input SNPs from GWA), 657 AA variants from HLA class I and II antigens, and 163 classical HLA alleles (66 two-digit alleles and 97 four-digit alleles). Linkage disequilibrium (LD) analysis for selected SNPs was performed using the Haploview program. (27) 
StatIStICal aNalySIS
Variant associations were tested using logistic regression models with autoantibody status (positive/negative) as the outcome variable. The statistical results were presented without genomic control correction as there is negligible evidence of population stratification in our previous study. (6) Stepwise conditional analysis were used to identify independent variants of the HLA allele or AA polymorphisms for two subphenotypes of PBC by selecting the most significant associated variant as a covariate until no variant satisfied the threshold (P < 2.11 × 10 −6 ). Meta-analysis based on a fixedeffect model for the two independent PBC cohorts was performed using Stata12.0 software (Stata Corporation, College Station, TX).
Results
DeteRMINatIoN oF aNtI-sp100 aND aNtI-gp210 StatUS IN pBC gWa aND ReplICatIoN CoHoRtS
Anti-gp210 was detected in 350/912 (38.38%) of the cases, while anti-sp100 was found in 211/922 (22.89%) subjects. Of the 904 subjects successfully tested for both gp210 and sp100 antibodies, 87 (9.62%) were positive for both autoantibodies and 432 (47.79%) were negative for both antibodies. In the replication cohort, 1,252 subjects were analyzed. Anti-gp210 was detected in 444 (35.46%) of the cases, while anti-sp100 was found in 234 (18.69%) subjects. Among them, 122 (9.74%) were positive for both autoantibodies, and 696 (55.59%) were negative for both antibodies (Table 1) .
gWa aNalySIS aND ReplICatIoN StUDy FoR aNtI-gp210 SUBpHeNotype
In total 794,694 autosomal SNPs were analyzed between 350 anti-gp210-positive and 562 negative subjects. No SNP achieved genome-wide significance (P < 5 × 10 −8 ) ( Fig. 1 and Table 2 ), and the strongest association was the HLA class II SNP rs1794280 (P = 1.86 × 10 −6 ; odds ratio [OR], 0.40; 95% confidence interval [CI], 0.27-0.59). There were 15 SNPs in the MHC region with P < 1.0 × 10 −5 . We performed LD analysis using these SNPs and identified two separate LD blocks (Supporting Fig.  S1 ). To further test for possible HLA associations, we selected one SNP from each of two separate LD blocks (rs1794280 and rs9380343) for replication in the second PBC cohort with 444 anti-gp210-positive and 808 anti-gp210-negative subjects. We found no significant association with rs1794289 (P = 0.11; OR, 0.75; 95% CI, 0.53-1.07) and rs9280343 (P = 0.08; OR, 1.16; 95% CI, 0.98-1.37) in the replication cohort. Meta-analysis, including 794 antigp210-positive and 1,370 negative subjects showed decreased association compared to the GWA result (Table 3) . Our results did not confirm the association of rs1794280 and rs9380343 with anti-gp210 phenotype.
gWa aNalySIS aND ReplICatIoN StUDy FoR aNtI-sp100 SUBpHeNotype
In total, 794,531 autosomal SNPs were analyzed between 211 anti-sp100-positive and 711 negative subjects. We observed a strong association in the HLA class II gene region, with six SNPs reaching genome-wide significance (Fig. 1 ). The strongest association was also with rs1794280 (P = 4.83 × 10 −10 ; OR, 2.79; 95% CI, 2.00-3.90) but with the minor allele as the predisposing variant (Table 2 ). For the top nine SNPs with P < 1 × 10 −7 , we performed LD analysis and identified two independent LD groups (Supporting Fig. S2 ). The top SNPs from each group (rs1794280 and rs492899) were selected for replication using the additional 234 anti-sp100-positive Anti-sp100
Anti-gp210/ Anti-sp100
Anti-gp210/ Anti-sp100 ) was set as the GWA significance threshold. (C,D) The red line is for null expectation, and the plot in blue is for P values including HLA SNPs, whereas the plot in black is for the P value after excluding SNPs in the MHC region.
1,729 negative subjects in total) for rs1794280 and rs492899 showed P = 5.78 × 10 −28 (OR, 3.89; 95% CI, 3.05-4.96) and 3.27 × 10 −22 (OR, 2.90; 95% CI, 2.34-3.66), respectively (Table 3) . These results confirmed a strong association of HLA class II gene polymorphisms with the generation of sp100 autoantibody in PBC patients.
IMpUtatIoN aNalySIS oF Hla SNp, Hla aNtIgeN VaRIaNtS, aND ClaSSICal Hla alleleS WItH sp100 aUtoaNtIBoDy
To further define the genetic basis of sp100 autoantibody production in the MHC region, we conducted imputation analysis using a Han-MHC reference panel built by sequencing 10,689 healthy control Han Chinese subjects. (24) Analysis using 211 anti-sp100-positive versus 711 negative subjects identified 46 SNPs, five AA variants, and four HLA alleles (one of two digits and three of four digits), all in the HLA class II gene region, reaching genome-wide significance (Table 4; Supporting  Table S3 ). Among the most significant SNPs, three (rs77689370, rs9269941, and rs67476479) were coding variants for the DRB1 gene.
Strong associations with specific AAs corresponding to the key residues that distinguish the specific classical alleles were observed, including DRβ1-AAs 77, 74, 71, and 70, located within the third hypervariable region (AAs 67-74) on the alpha helix of the DRβ1 chain, where they directly interact with antigens presented to helper T cells (Fig. 2) . The most associated AA was in DRβ1 at position 74 with the AA arginine and at position 77 with asparagine (N), having predisposing effects (P = 1.51 × 10 
DRβ1-asn77/arg74, DRβ1-Ser37, aND Dpβ1-lys65 WeRe MaJoR DeteRMINaNtS FoR sp100 aUtoaNtIBoDy
To further define the association of specific AAs within different HLA antigens and identify Abbreviations: A1, minor allele; A2, major allele.
putative functional/causal variants, we first tested each AA within HLA-DRβ1 using logistic regression analysis. Due to complete LD between DRβ1
Arg74 and Asn77 (r 2 = 1), we selected Asn77 for conditional analysis because the only polymorphic AA residues were Asn and Thr in the Han Chinese cohort. Conditioning on DRβ1-AA77 eliminated the effects of DRβ1-AAs 74, 71, and 70. The remaining association within DRβ1 was observed at AA position 37 with a serine residue (P = 6.87 × 10 −4 ), located in the P9 peptidebinding pockets. Further conditional analysis with both DRβ1-Asn77 and Ser37 eliminated the effect within DRβ1 (Fig. 3A-C; Supporting Figs. S3 and  S4) . Thus, DRβ1-Asn77 (and/or Arg74) and Ser37 account for all of the observed associations within HLA-DRβ1.
After conditioning on DRβ1-Asn77 and Ser37 in the MHC region, we only observed an association (P < 1 × 10 −4 ) within the HLA-DPB1 region, with the strongest association coming from rs3128928 (P = 5.04 × 10 −7 ) and DPβ1-Lys65 (P = 4.21 × 10 −6 ). Abbreviations: A1, effective allele; A2, alternative allele; A, absent; P, present.
FIg. 2.
Three-dimensional ribbon models for the HLA-DR and HLA-DP proteins associated with the production of anti-sp100 autoantibodies. HLA-DR and HLA-DP protein structures were based on Protein Data Bank entries 3pdo and 3lqz with a direct view of the peptide-binding groove, respectively, prepared using the program UCSF Chimera. AA positions identified by the association analysis are shown as spheres.
Further conditioning on DPβ1-Lys65 or rs3128928 eliminated all of the effects within the HLA-DPβ1 region ( Fig. 3A-C; Supporting Fig. S3 ).
These results indicate that DRβ1-Asn77/Arg74, DRβ1-Ser37, and DPβ1-Lys65 were likely the major determinants for sp100 production. We note that there was a small residual signal at rs2442753 (P = 4.1 × 10 −4 ) (Supporting Table S3 ) approximately 20 kb proximal to MHC class I-related chain A and within the intron of a putative noncoding RNA (LOC105379664).
ClaSSICal HLA-DRB1*03:01, HLA-DRB1*15:01, aND HLA-DRB1*01 alleleS aND DPB1*03:01 allele CaN eXplaIN tHe DIFFeReNtIal pRoDUCtIoN oF aNtI-sp100 aNtIBoDy IN pBC CoHoRtS
We also tried to further characterize the association of sp100 autoantibody with classical HLA alleles. Because the most significant associations were with HLA-DRβ1 AAs (77, 74, 71, and 70) and alleles (DRB1*0301), we first performed stepwise regression conditioning on different DRB1 alleles as covariates within the DRB1 region. When conditioning on DRB1*03:01 (P = 1.51 × 10 −9 ), the next most significant allele is DRB1*15:01 (P = 3.41 × 10 −3 ; OR = 1.72; 95% CI, 1.20-2.47). When conditioning on DRB1*03:01 and DRB1*15:01, the remaining most associated allele is DRB1*01 (P = 3.38 × 10 −3 , OR = 3.52, 95% CI, 1.52-8.16). Afterward, there is no significant association observed within the DRB1 region ( Fig. 3D-F Table  S3 ). Similar to the AA results presented above, there was a small residual signal (P = 4.1 × 10 −4 ) with rs2442753. These results clearly indicate that production of sp100 autoantibody can be mostly explained by a combination of risk alleles of DRB1 (*03:01, *15:01, and *01) and DPB1*03:01, with DRB1*03:01 possessing the major effect.
Discussion
A large-scale GWA analysis conducted by our group indicated a strong genetic predisposition to PBC in Han Chinese. (6) Here, we report a genetic study of PBC subphenotypes based on PBC-specific ANAs against gp210 and sp100. A common feature in autoimmune diseases is the generation of high-titer ANAs. Among the many ANAs identified so far, some are not disease-specific, existing in many different autoimmune diseases and even some cancers, lung diseases, and infectious diseases; but there are also disease-specific ANAs. ANAs to gp210 and sp100 are two autoantibodies highly specific to PBC. (10) Several GWA studies in different autoimmune diseases have identified significant associations of different ANAs with specific polymorphisms and classical HLA alleles. (28) (29) (30) Previously, two studies investigated the association of specific HLA class I and II alleles with ANAs in PBC, but these studies have been confined to small sample sets and limited HLA alleles. (31, 32) The results presented in this report also have merits over previous reported imputations in other HLA fine-mapping studies. The first lies in the population-specific gene chips used in GWA with 7,889 markers in the MHC region included on the Illumina HumanOmniZhongHua-8 BeadChip.
The second is the Han Chinese-specific MHC panel generated by deep sequencing of 10,689 Han Chinese individuals. (24) Therefore, we were able to perform the association analysis during the GWA stage using a large number of SNPs (including population-specific SNPs) in the MHC region and apply these SNPs in accurate imputation of the remaining SNPs, AA variation in HLA antigens, and classical HLA alleles.
In this study, we observed striking differences in the association of genetic predisposition of two PBC-specific ANAs to gp210 and sp100. A highly significant association was only observed with sp100 autoantibody but not with gp210. Anti-gp210 antibody in PBC patients recognizes a single epitope within a 15-AA stretch in the carboxyl terminus of gp210, a member of the nuclear pore complex that regulates the flow of macromolecules between the nucleus and the cytoplasm. (33) (34) (35) The mechanism of generation of anti-gp210 antibody is still a matter of debate and could arise by molecular mimicry of the Escherichia coli mutY gene product containing a similar antigenic determinant or by abnormal expression of gp210 in patients with PBC. (33) A lack of association in HLA polymorphism with gp210 autoantibody may not support the notion of a molecular mimic of external bacterial protein epitopes in the generation of the gp210 autoantibody because this requires extended processing of bacterial protein fragments and presentation by antigen-presenting cells and T cells. The autoimmune target of anti-sp100 is the sp100 nuclear antigen, a major component of PML-sp100 nuclear bodies. Different from anti-gp210, sp100 autoantibody in PBC patients recognized multiple epitopes, including linear and conformational epitopes. (36) Two major linear epitope sequences recognized by anti-sp100 share sequence similarities with several viral proteins found in the EpsteinBarr virus protein sequences. (37) In our analysis, we found HLA-DRβ1-Asn77/Arg74, DRβ1-Ser37, and HLA-DPβ1-Lys65 associated with the sp100 autoantibody. All of these AAs locate within the peptide-binding grooves, which imply a functional impact of sp100 epitope presentation in autoantibody production. Therefore, our results may suggest significantly different mechanisms in the pathogenesis of two subphenotypes associated with ANAs to sp100 and gp210. The HLA association for anti-sp100 autoantibody indicates that anti-sp100 production is an adoptive immune response and T cell-dependent. The lack of specific HLA association for anti-gp210 may suggest a T cell-independent response.
Our data show that although the sp100 autoantibody is highly specific to PBC, genotypes in HLA genes that are most strongly associated with sp100 autoantibody are not the same as those associated with PBC disease per se (Supporting Table S2 ). Indeed, this is also true for HLA antigens and AAs; HLA-DRB1*08:03, HLA-DRB1*07:01, and DPB1*17:01 are the major predisposing alleles for PBC (manuscript in preparation). One speculative explanation for these surprising discrepancies is that HLA-DRB1*08:03, HLA-DRB1*07:01, and DPB1*17:01 may present specific mitochondrial antigens that are critical for disease susceptibility, whereas these HLA antigens do not preferentially present either sp100 or gp210. AMA-M2 autoantibodies (pathognomonic for PBC) recognize multiple different proteins, mainly the E2 subunits of the 2-oxo-acid dehydrogenase complex (ODGC) including pyruvate dehydrogenase complex, 2-oxoglutarate dehydrogenase complex, and branchedchain 2-oxoacid dehydrogenase complex, with, to a less extent, the E1 and E3 subunits of ODGC. Therefore, HLA-DRB1*08:03, HLA-DRB1*07:01, and DPB1*17:01 may highly predispose for PBC but have very little effect on positivity for gp210 and sp100.
A potential limitation in our study lies in the measurement of both antibodies only at a single time point at or after diagnosis for more than half of our PBC cases. There were reports that change of anti-sp100 titers has been found during the course of the treatment, but conversion of anti-sp100 positivity was rarely found. (19) But conversion of anti-gp210 positivity was reported in some of the patients treated with UDCA in Nakamura et al.'s study of Japanese PBC cohort, although this report was not confirmed by other studies. (38) This conversion during the treatment may increase the falsenegative rate in the study cohort, which may reduce the power of our study to detect a genetic association for anti-gp210. However, this may not be a critical factor in the lack of association observed in our gp210 groups because both of our GWA and replication cohorts exhibit significantly higher anti-gp210-positive rates compared with the study by Nakamura et al. (38.4% and 35 .5% versus 26.1%). At the same time, the sample size (930 GWA and 1,252 replication samples) in the current study should provide sufficient power to detect genetic associations. We also note that the current study is confined to PBC patients in the Han Chinese population. Additional studies will be necessary to ascertain whether the association of sp100 to particular HLA antigens and amino acids found in our study is also present in other populations.
As reviewed at the beginning of this article, the clinical significance of anti-sp100 and anti-gp210 is uncertain. (8, 11, 12, (17) (18) (19) (20) Further studies will be needed to determine if PBC disease progression, endophenotypes, and, importantly, responses to different therapeutic regimens are associated with the presence or titers of these autoantibodies. We also note that in future PBC studies it may be useful not only to stratify patient groups based on variants that predispose to PBC itself but also to examine whether stratification based on the HLA associations of sp100 are associated with particular endophenotypes or therapeutic responses.
In summary, the current study addressed genetic determinants associated with sp100 and gp210 autoantibody subphenotypes in PBC and identified specific SNPs, HLA alleles, and AAs associated with the sp100 autoantibody but not with the gp210 autoantibody. The striking difference in genetic predisposition observed between the sp100 and gp210 subphenotypes may indicate distinct roles of these two autoantibodies in the pathogenesis of PBC.
